INTRODUCTION
There are several techniques to identify and quantify phytoplankton groups based on morphological, optical, genetical or biochemical properties. However none of them offer all the information of interest or can be carried out routinely. One of these techniques is the use of phytoplankton pigments as markers of broad taxonomic groups, often at the class level such as Cryptophyceae, Prasinophyceae, Dinophyceae, Bacillariophyceae, Pelagophyceae, Prymnesiophyceae or Cyanophyceae. Benefits and caveats of the approach are described by Jeffrey (1997) . The potential advantages, however, have led many to incorporate pigment analysis as a core parameter of marine time series such as HOT (Hawai'i Ocean Time-series; Sakamoto et al. 2004) Marty et al. 2002) .
Following standard basic laboratory practices (Zapata & Garrido, 1991 , Jeffrey et al. 1997 , Latasa et al. 2001 pigments are reliably quantified nowadays (Latasa et al. 1996) . The step from pigment marker to algal biomass is not trivial, however. Initially, pigment marker concentrations were used as a semi-quantitative indication of group abundance (Jeffrey 1976 , Jeffrey & Hallegraeff 1980 , 1987 , Gieskes & Kraay 1986 , Klein & Sournia 1987 . The main value of the reported results was to observe the relative changes in phytoplankton community. Because the relative amount of the different pigment markers is not constant, a more ambitious attempt to mathematically quantify the contribution of different classes to the phytoplankton bulk ABSTRACT: CHEMTAX is a computer program that allows researchers to allocate chl a, a proxy for phytoplankton biomass, into different algal groups defined by a suite of pigment markers. The program uses an iterative process to find the optimal pigment:chl a ratios and generates the fraction of the total chl a pool belonging to each pigment-determined group. A major difficulty is the choice of initial or seed ratios, which largely determine the results obtained. To test the sensitivity of CHEMTAX to initial ratios and its effectiveness to quantitatively discriminate the existing phytoplankton groups, 8 different initial matrices of pigment ratios were used on an artificial pigment database of 40 samples built from known pigment ratios. Successive runs of CHEMTAX using the output from each run as the input for the next one led to the correct adjustment of most ratios, greatly improving initial values and, therefore, biomass estimates. The convergence of different pigment ratios with successive runs was always directed towards the true value. This procedure also correctly rejected groups that were not used to build the pigment database but whose pigment ratios were included in the pigment-ratio matrices. Therefore, matrices including most pigment-ratios can be used without the need to check for the presence of all those phytoplankton groups in the natural sample. Lack of convergence also occurred with some of the 8 initial matrices for some phytoplankton groups. Because some indeterminations could not be removed for all initial ratios, the use of several initial seed values is proposed. using a limited number of pigment ratios was applied later by Gieskes et al. (1988) , Everitt et al. (1990) and Letelier et al. (1993) . These methods had difficulties discriminating the contribution of groups that shared pigment markers. Keeping the pigment ratio approach, a more powerful technique was developed by Mackey et al. (1996) . CHEMTAX, a program for estimating algal class abundances from pigment markers, applied matrix factorization to estimate the contribution of phytoplankton pigment groups to total chlorophyll a (chl a). It had the advantage of including variable numbers of pigment:chl a ratios and, therefore, refined the definition of pigment groups. In their presentation of CHEMTAX, Mackey et al. (1996) detailed very carefully the possible weaknesses of the program. A major difficulty in terms of the program output accuracy and in terms of the problem to be solved is the choice of the initial or seed ratios. As the authors said: 'Since the original problem of dividing the data matrix into pigment ratios and algal class abundances was underdetermined, the choice of the initial pigment ratio matrix largely determines the results obtained...' Therefore, there is a need to obtain the most accurate sample information possible to supply the program with the best initial matrix of pigment ratios. However, researching this type of data is often very difficult and impractical because pigments are habitually used to obtain information about the composition of unknown phytoplankton populations. For instance, genetically based approaches can be very accurate in estimating phytoplankton composition, but they are also time-consuming and their routine use is thus compromised, at least at present. Thus, pigment specialists are confronted with the paradox of requiring information about the composition of phytoplankton in order to learn about the pigment composition of phytoplankton groups and, ultimately, the composition of phytoplankton.
In this paper, a procedure to overcome part of this problem is suggested. The combination of different initial seed values and successive runs of CHEMTAX, applying the output from each run as the input for the next run, was used to test the robustness of the final output. The proposed protocol also established a method to estimate the confidence of the data analysis performed.
There are possible intrinsic failures in the use of pigments as qualitative and quantitative markers, e.g. the choice of chlorophyll as a proxy for phytoplankton biomass should be made keeping in mind the limitations of the approach (Kruskopf & Flynn 2006) ; the correspondences between pigments and taxa are based on few isolates in some of the groups; and there are uncertainties in the pigment ratios because of changes due to physiological state or intraclass variation. Those problems will not be addressed in this paper.
MATERIALS AND METHODS
An artificial pigment database of 40 samples was built from selected pigment ratios, hereafter referred to as the 'true' pigment ratios (Table 1) based on the Southern Ocean ratios from Mackey et al. (1996) . For each sample, the chl a concentration for each group was randomly generated within a certain range to simulate different abundances of phytoplankton groups, e.g. the chl a concentration randomly generated for dinoflagellates was allowed to vary between 0 and 20 while for diatoms the range was between 0 and 100. Then, the accessory pigment concentrations of a certain group were estimated by multiplying that chl a value by the true pigment to chl a ratios of that specific group. This procedure was repeated for all the phytoplankton groups of the sample. Then, the total concentration of each pigment for that sample was calculated as the sum of contributions of all groups to each pigment. This process was repeated 40 times to obtain an artificial pigment database of 40 samples with known pigment ratios.
To mimic the real process of encountering a new pigment database without previous information, 8 additional pigment to chl a ratio sets (Matrices A to H) were used as seed values (Table 1) When using ratios from the literature, only the ratios of the phytoplankton groups present in the artificial database were included, i.e. Everitt et al. (1990) used ratios for prochlorophytes and for 'other greens' that have been ignored for this exercise. Also, Everitt et al. (1990) did not distinguish haptophytes T4 (Chrysophyceae with 19'hexanoyloxyfucoxanthin in Letelier et al. 1993 ) and, therefore, some adjustments in the initial seed values were required for that group.
An additional chl c 3 :chl a ratio was introduced in the definition of haptophytes in all matrices in order to increase the complexity of the matrix. A summary of the pigment matrices shows that dinoflagellate, cryptophyte, Synechococcus and diatom concentrations are based on single pigment ratios, haptophytes T3 on 2 pigment ratios, and haptophytes T4 and prasinophytes on 3 pigment ratios. Peridinin (per), 19'butanoyloxyfucoxanthin (19'but), prasinoxanthin (pras), alloxanthin (allo) and chl b were markers of individual groups, whereas chl c 3 , fucoxanthin (fuco), 19'hexanoyloxyfucoxanthin (19'hex) and zeaxanthin (zea) were shared by 2 algal groups.
Additional CHEMTAX runs were performed to verify the effect on the results of the inclusion of pigment ratios of absent phytoplankton groups. Two imaginary groups were added to the original matrix, and to Matrices E (completely artificial) and F (ratios from the literature). Group Phyto1 'contained' fucoxanthin and zeaxanthin with 0.4 and 0.2 ratios to chl a, and group Phyto2 contained peridinin and chl b with 0.2 and 0.5 ratios to chl a. CHEMTAX was applied initially using the initial matrices described above as first inputs. Successive runs used the output ratios from the previous runs as inputs. The variables required by CHEMTAX for the calculations were as follows (for the specific meaning of these parameters, refer to Mackey et al. 1997) : ratio limits were set to 500, weighting was 'bounded relative error by pigment', iteration limit = 5000, epsilon limit = 0.0001, initial step size = 25, step ratio = 2, cutoff step = 30 000, elements varied = n (all pigments), subiterations = 1, weight bound = 5.
RESULTS
The successive runs of CHEMTAX lead to the correct adjustment of most ratios. Four different types of responses could be observed. Type 1: pigment markers of single groups such as peridinin, zeaxanthin, chl b and alloxanthin correctly adjusted to the real values in less than 10 iterations (Fig. 1a) ; type 2: pigment markers shared by several groups and correctly adjusted such as fucoxanthin for diatoms and 19'hex for haptophytes T3 (Fig. 1b) ; type 3: pigment markers shared by several groups and not correctly adjusted such as fucoxanthin and 19'hex for haptophytes T4 (Fig. 1c) ; type 4: pigment markers of single groups that did not adjust correctly such as 19'but for haptophytes T4 (Fig. 1c) .
Correct adjustment of ratios
The conditions imposed for CHEMTAX runs were very restrictive in the sense that (1) the difference between measured and predicted pigment composition (epsilon limit) was set very low, (2) with initial step size set to 25 the pigment ratio change was limited to a 1/25% change per iteration, (3) the step ratio was set to 2, which decreases by a factor of 2 the pigment change (step size) when the residual does not decrease on iteration with the initial step size. Under these conditions it was observed that CHEMTAX runs ended mostly when the step size number passed the cutoff step of 30 000, an upper limit set by the program. This means that the run ended when changes in the residual were less than 1/30 000.
Most of the time, the change between the input ratios and the output ratios in the initial CHEMTAX run showed the correct tendency, e.g. when the input ratio was higher than the true ratio, the output produced a lower ratio. However, it almost never reached the true ratio on the first run (Fig. 1) . Successive runs solved this problem. Sometimes the output did not show the correct tendency. For instance, changes in zeaxanthin:chl a for Matrices C, F and H made the values deviate more from the true value in some runs (Fig. 1a) . Successive runs again solved this problem.
The program generally encountered no difficulty making ratios converge, including pigment markers of single or multiple phytoplankton groups. In haptophytes T3, a group with shared pigment markers such as chl c 3 and 19'hex, the ratios were correctly adjusted.
Incorrect adjustments of ratios
It became very clear that successive runs of CHEM-TAX could not adjust any of the pigment ratios of haptophytes T4 (Fig. 1c) . The lack of convergence among the different matrices was conspicuous. It also became evident that in some cases the ratios tended to diverge, reaching values that could be readily discarded as unrealistic, e.g. 19'but:chl a ratios of 2.3 for Matrices G and H after 10 iterations. Another problem arose when To make things worse, those values were within the range reported in the literature, preventing an objective selection of the optimal value, e.g. 19'hex: chl a ratio for haptophytes T4 (Fig. 1c) .
Consequences in biomass estimations
Matrix F, a mixture of literature values, is an example of how estimations of group biomass can improve with successive runs. Because main pigments drove the estimates of algal group biomass, the program established a good correlation between the real and the estimated chl a equivalent. However, the departure from the true value was evident in the output of the first run (Fig. 2) . This deviation decreased with successive runs until the values of the pigment ratios converged with those from other runs using different initial ratios. For Matrix F, the changes between runs 9 and 10 were almost null and the biomass estimation for all 7 phytoplankton groups was excellent, except for haptophytes T4. For the latter group, the biomass was underestimated by 50 and 66% in the first and last run, respectively. Despite these large errors and because of the small contribution of haptophytes T4 to the total biomass, the greatest deviation represented an error of only 12% in the allocation of the total chl a among the different groups.
Errors in group definition
Additional CHEMTAX runs were performed to test the inclusion in Matrices F and E of pigment ratios from 2 phytoplankton groups (Phyto1 and Phyto2) that were not used to build the artificial pigment database. These additional ratios comprised pigments that were already present in the former matrices (see 'Materials and methods'). The new groups were given a null biomass after the first run with the original 'true' matrix (data not shown). With both Matrices F and E, the data could adjust quite well after 8 runs (Fig. 3) , with less than 5% chl a allocated to the absent groups. However, the new groups were not immediately excluded by the analysis. Phyto2 represented almost 20% of the total chl a in the first run, and Phyto1 still made an important contribution after 5 runs according to CHEMTAX. Obviously, when some chl a was assigned to Phyto1 and Phyto2, other groups with which they shared their pigment ratios were affected, e.g. prasinophytes in Matrix F (Fig. 3) .
DISCUSSION
The successive CHEMTAX runs made the pigment ratios converge to the true ratios for most phytoplankton groups, greatly improving initial estimates and, therefore, biomass estimates. The first run never ren- dered the true value, indicating that the program had a limited capacity to adjust the ratios in each run. In their paper, Mackey et al. (1996) pointed out that CHEM-TAX might not produce reliable results: (1) when the database contains errors, (2) for minor groups present in the sample, (3) when the seed values are not realistic. In relation to the first point, all pigment concentrations in the database were derived mathematically (see 'Materials and methods'), therefore the methodological errors of analyzing pigments are not considered in the present study. In addition, these errors are usually less than ca. 20% (Latasa et al. 1996) . The consequences of this type of error and how to minimize it are discussed by Mackey et al. (1996) . The effect of the approach suggested here on the other 2 causes of error is discussed below.
Minor groups
It was clear that haptophytes T4 was a troublesome group for the program output. In the database, haptophytes T4 contributed 9.6% to the total chl a, a value lower than that of haptophytes T3 (19.2%) or diatoms (23.2%), the 2 groups sharing pigments with haptophytes T4. In this sense, it is a minor group. However, it is more abundant than dinoflagellates (5.1%) and similar to cryptophytes (9.9%) and Synechococcus (13.7%). Remarkably, 2 of these 3 correctly quantified minor groups were represented by single, not shared pigments. If this last observation could be generalized, only minor groups sharing pigment markers with major groups could be a problem, since minor groups with single markers were correctly quantified. Mackey et al. (1996) limited the 'validity' of CHEM-TAX to the use of initial seeds within 25% of the true value. This is a real limitation if only a single run is performed. Fig. 1 shows that the first run with seed values far departing from the true seed values could not satisfactorily adjust the output ratios. An extreme example of deviating ratios was given by the inclusion of non present phytoplankton groups in the ratio matrix. In this case, the program erroneously assigned an important amount of the total chl a to both Phyto1 and Phyto2 during the first runs when using Matrix E (Fig. 3) . However, even under these very adverse conditions, the successive runs of CHEMTAX provided the correct solution by finally assigning an almost null biomass to the non present groups. It should be pointed out that the apparent rejection of the non present phytoplankton groups by the program was only tested for 2 matrices. Although Matrix E could be considered extremely artificial because it was built with only 3 values for all pigment ratios (0.25, 0.5 and 0.75) and was then used as an extreme example, the possibility cannot be discarded that some untested matrix might assign a significant portion of chl a to the non present groups.
Unrealistic seed values
The present study has shown that successive runs with different seed ratios provided a partial solution to 2 main problems for CHEMTAX: the presence of minor groups and the use of unrealistic seed values. In addition, this procedure made clear that when there is a conflict with a group, the conflict is present for all the pigment ratio matrices, as can be seen for haptophytes T4 (Fig. 1c) . It should be noted that only the comparison among different initial ratios made the problem evident. The use of successive runs of a single initial matrix would have provided misleading results. In this sense, convergence and stabilization of pigment ratios after successive runs should be differentiated. Convergence of the results from different initial matrices seems a clear indication of a correct ratio. The different initial ratios that stabilized and converged resulted in a true value, and not in an erroneous one. Stabilization, on the other hand, can occur without convergence. For Matrices A to F, the 19'hex:chl a ratio in haptophytes T4 (Fig. 1c) runs. Only one of the final ratios is the true value but, unfortunately, the program does not allow us to distinguish which one. When confronted with this problem, only an educated guess can be made for the haptophytes T4 ratios. This work has proven that a multiple initial ratio approach with successive runs is critical when using CHEMTAX blind, and probably necessary even when additional information on physiology and taxonomy of the studied phytoplankton population is available to infer realistic initial ratios. The convergence after successive runs provides robust evidence of the goodness of fit of the output ratios. It should be clear that this procedure, however, does not guarantee a completely correct output. It seems that minor groups with pigment composition similar to that of larger ones could lead the program to some sort of indetermination.
An alternative explanation for this lack of convergence is that 10 successive runs are not enough iterations to solve our system of non-linear equations. There are several ratios that initially tended to diverge but only to converge later on. Thus, convergence might also occur for haptophytes T4 ratios after hundreds or thousands of iterations were performed. As it is now, CHEMTAX requires several manual steps to format the output file as an input file. Performing this manual procedure hundreds or thousands of times with several initial ratios is unrealistic. Therefore, the approach presented here could be of greater benefit if CHEM-TAX is modified to automatically include several initial pigment ratios that are successively run until a convergence criterion is met.
Taking into consideration the above precautionary points, CHEMTAX is a powerful exploratory tool because the convergence of the final pigment ratio seems to be largely determined by the pigment distribution in the data set. There are still unresolved problems for the groups with small pigment contributions. Although apparently a minor problem, it has been shown that some groups make a disproportionate contribution to some biogeochemical cycles in the ocean (Scharek et al. 1999) or to some noxious biological effects (Reguera et al. 1993 , Klöpper et al. 2003 , so misestimations of biomass for these groups may therefore result in over-or understatement of their biological importance.
